Ever since the isolation of single-layer graphene in 2004, two-dimensional layered structures have been among the most extensively studied classes of materials. To date, the pool of two-dimensional materials (2DMs) continues to grow at an accelerated pace and already covers an extensive range of fascinating and technologically relevant properties. An array of experimental techniques have been developed and used to characterize and understand these properties. In particular, Raman spectroscopy has proven to be a key experimental technique, thanks to its capability to identify minute structural and electronic effects in nondestructive measurements. While high-frequency (HF) intralayer Raman modes have been extensively employed for 2DMs, recent experimental and theoretical progress has demonstrated that low-frequency (LF) interlayer Raman modes are more effective at determining layer numbers and stacking configurations and provide a unique opportunity to study interlayer coupling. These advantages are due to 2DMs' unique interlayer vibration patterns where each layer behaves as an almost rigidly moving object with restoring forces corresponding to weak interlayer interactions. Compared to HF Raman modes, the relatively small attention originally devoted to LF Raman modes is largely due to their weaker signal and their proximity to the strong Rayleigh line background, which previously made their detection challenging. Recent progress in Raman spectroscopy with technical and hardware upgrades now makes it possible to probe LF modes with a standard single-stage Raman system and has proven crucial to characterize and understand properties of 2DMs. Here, we present a comprehensive and forward-looking review on the current status of exploiting LF Raman modes of 2DMs from both experimental and theoretical perspectives, revealing the fundamental physics and technological significance of LF Raman modes in advancing the field of 2DMs. We review a broad array of materials, with varying thickness and stacking configurations, discuss the effect of in-plane anisotropy, and present a generalized linear chain model and interlayer bond polarizability model to rationalize the experimental findings. We also discuss the instrumental improvements of Raman spectroscopy to enhance and separate LF Raman signals from the Rayleigh line. Finally, we highlight the opportunities and challenges ahead in this fast-developing field.
WSe 2 , ReS 2 , ReSe 2 , PdSe 2 , GaS, GaSe, GeSe, SnS, phosphorene, etc.), semimetals (graphene, NiTe 2 , etc.), to superconductors (NbS 2 , NbSe 2 , TaSe 2 , FeSe, FeTe, etc.). 1−13 After intensive investigations of graphene and transition-metal dichalcogenides (TMDCs) like MoS 2 , other layered structures, such as black phosphorus (or phosphorene, in the single layer limit), have more recently joined the array of 2DMs with promising potential for nanoelectronics, optoelectronics, and thermal applications. 14−21 In addition, many 2DMs that had been initially considered to exist only in the realm of theorists' imagination have now been synthesized, including silicene, 22−25 germanene, 26−28 stanene, 29 and borophene. 30 In 2DMs, the atoms within each layer are connected by covalent or ionic bonds, while generally weak van der Waals (vdW) interactions hold the layers together. Subsequently, the layers can be separated into building blocks and reassembled either horizontally or vertically to form heterostructures. These heterostructures can either feature the combined functionality of the individual layers or even lead to emergent properties, 5, 9, 11, 31 such as semiconductor p−n heterojunctions for photodetection and solar energy harvesting. 32−35 Based on these recent developments, it would seem that the diversity of 2DMs could offer limitless combinations of heterostructures and heterojunctions, for the assembly of functional materialsby-design.
The properties of 2DMs can be understood as the combination of properties of individual layers, their structural symmetry, and the interlayer coupling. The latter is very sensitive to the number of layers in the stack and the details of the stacking, such as relative registry and twisting angle. Consequently, functionality can in principle be tuned and optimized by changing the material's thickness and stacking. The properties of multilayer 2DMs depend critically on the number of layers (N). 7 For instance, bulk MoS 2 has an indirect electronic bandgap, but in the single-layer realization of MoS 2 , a transition from indirect to direct bandgap occurs, together with a strong enhancement of photoluminescence (PL). 36, 37 As another illustration of an N-dependent property, black phosphorus (BP) has an intrinsic thickness-dependent direct bandgap (ranging from 0.3 eV for the bulk to 2.0 eV for a monolayer), a property that promises a broad range of optoelectronic applications. 14, 15, 18, 38 Furthermore, manipulating stacking order is another powerful approach to tailor 2DMs and their heterostructures for electronic and optoelectronic applications. For instance, in twisted or stacked graphene layers, minute changes in stacking can lead to large-period Moireś uperlattices accompanied by unusual behaviors and phenomena, such as fractional quantum Hall effects, the appearance of stacking-dependent Van Hove singularities near the Fermi energy, among others. 39−43 Trilayer graphene is commonly found in two low-energy stacking patterns, known as ABA (Bernal) and ABC (rhombohedral), which exhibit distinct electronic properties owing to the stacking-dependent electronic interactions and symmetries. 44−47 In bilayer MoS 2 , proper manipulation of stacking orders can break the inversion symmetry, evoking strong valley and spin polarization that cannot be achieved in natural 2H-stacked bilayers. 42 Furthermore, the recently observed spin/valley polarization in symmetry-breaking 3R-stacked MoS 2 further highlights the key role of stacking sequences in the properties of 2DMs. 48 For twisted bilayer MoS 2 , the electronic structures and exciton/ trion behaviors can be fine-tuned by changing the interlayer twisting angle. 49−51 Clearly these few selected examples illustrate the important need for a precise characterization of the stacking order and an accurate determination of the number of layers for future developments of 2DMs.
Characterization of two-dimensional crystals has been based on a large variety of electron microscopy, atomic force microscopy (AFM), and optical spectroscopy methods. 52, 53 Among them, Raman spectroscopy stands out since it is a fast, nondestructive, and relatively inexpensive tool with high spectral resolution that provides structural and electronic information at both laboratory and mass-production scales. [10] [11] [12] 31 In addition to being an excellent probe for material quality, it has been used in 2DMs in an effort to enable rapid identification of the material's thickness and stacking order. Initially, the majority of research activities focused on analyzing high-frequency (HF) modes, which involve vibrations stemming from the intralayer chemical bonds. 10, 12, 31, 54, 55 In these modes, conventionally called intralayer modes, the restoring forces are dominated by the strength of the intralayer chemical bonds rather than those holding the layers together, which are typically of vdW type. Consequently, HF intralayer modes are not very sensitive to the interlayer coupling, and there are great limitations associated with their use as a general approach for the unambiguous determination of thickness and stacking order. In stark contrast, low-frequency (LF) interlayer modes correspond to layer−layer vibrations where each layer moves nearly rigidly as a whole unit. It follows that the corresponding frequencies are almost solely determined by the interlayer restoring forces. The weak nature of layer−layer interactions, in addition to the fact that a large ensemble of atoms move together, typically yields frequencies well below 100 cm −1 and are thus usually observed, in Raman spectroscopy, close to the strong Rayleigh line. 9, 11, 56 These LF modes are categorized into two types: in-plane shear and out-of-plane breathing vibration modes. Due to their greater sensitivity to interlayer coupling, LF Raman modes have recently started to attract increasing attention as highly sensitive probes of interfacial coupling, including coupling to a substrate. One of the pioneering works in this area was performed by Tan et al. in 2012 who characterized multilayer graphene (MLG) samples. 57 Since then, a fast growing number of publications have demonstrated LF Raman modes as effective indicators of the layer thickness 19,57−72 and stacking order 52,73−81 in a broad variety of 2DMs. Furthermore, LF Raman modes have also been extended to investigate the interfacial coupling and stacking configurations in twisted two-dimensional homostructures and heterostructures, such as twisted MLG, 43, 82, 83 twisted bilayer TMDCs, 84, 85 and TMDCs heterostructures. 86, 87 Based on these reports, it is clear that the measurement of LF interlayer vibrational modes by Raman spectroscopy is becoming increasingly important and useful in characterizing two-dimensional layered materials and the associated vdW heterostructures.
The objective of this review is to present a comprehensive, state-of-the-art, and forward-looking account of the use of LF Raman spectroscopy in 2DMs from both experimental and theoretical perspectives. First, we discuss general properties of interlayer vibration modes in 2DMs and how they can be understood from group theory and the linear chain model (LCM). Second, we describe the LF Raman scattering technique and recent upgrades for improved detection of LF Raman signals. Third, we summarize the recent advances on using LF Raman modes for the thickness and stacking determination of diverse 2DMs. We show that the simple LCM and interlayer bond polarizability model, together with first-principles methods, can be adopted to understand the thickness and stacking dependence of LF modes, respectively. Fourth, we briefly discuss the latest LF Raman studies on twodimensional heterostructures. Finally, we highlight the opportunities and challenges ahead in this fast-developing field from both experimental and theoretical points of view.
PROPERTIES OF INTERLAYER SHEAR AND LAYER-BREATHING MODES
Vibration, Symmetry, Raman Activity, And Polarization Dependence of Interlayer Modes. Similar to other materials, whether a lattice vibration mode in a 2DM can be experimentally observed or not in a Raman measurement is determined by the symmetry of the crystal. Conversely, the actual phonon frequency of each mode is dictated by the details of the chemical and physical atomic bonding. Understanding the LF vibration modes that are Raman active first requires an exhaustive analysis of their lattice symmetry. 11, 64 Because group theory formally transforms complex symmetry operations into simple linear algebraic relations, it provides a fundamental mathematical framework to understand phonon properties from the crystal symmetry. The LF vibration modes represent relative motions between rigid monolayer planes when assembled in N-layer stacks. In this review, we will refer to a system by its chemical formula preceded by the label "NL" (e.g., trilayer MoS 2 is referred to 3L MoS 2 ) with additional labels included to specify stacking symmetry, when appropriate.
We will first focus on TMDCs and in particular on the inplane isotropic 2H structures represented by the formula MX 2 (M= Mo, W, and X = S, Se) as test-bed examples for highlighting the importance of symmetry in the determination of LF modes. Bulk MX 2 belongs to the point group D 6h and the primitive unit cell includes two M atoms and four X atoms (i.e., each unit cell of the bulk includes two laterally shifted layers). It follows that there are 18 normal vibration modes at the Γ point of the Brillouin zone, 10, 64, 88 and the full representation is thus Γ = A 1g + 2A 2u + 2B 2g + B 1u + E 1g + 2E 1u + 2E 2g + E 2u , according to character tables. Among these modes, one of two (each doubly degenerated) E 2g modes corresponds to the Raman active shear mode (in-plane vibration), and one of the two B 2g corresponds to the optically inactive layer breathing mode (outof-plane vibration). The other modes correspond to intralayer modes (Here we note the different concepts of intralayer and in-plane modes, as the former concept refers to the origin of the mode while the latter concept characterizes the motion of the atoms in the mode.) The shear mode has previously been referred to as the C mode: It was first observed in AB-stacked multilayer graphene (MLG), 57 and it provides a direct measurement of the interlayer coupling. Other notations of the shear modes, such as SM, and of layer-breathing modes as the B modes or LBM have been introduced by various research groups. For a general notation for interlayer vibration modes in layered materials, here we denote the shear mode and the layer breathing mode as the S and LB modes, respectively. This should avoid any confusion as both S and LB modes are due to interlayer coupling. In MX 2 , the frequencies of the S and LB modes are usually below 50 cm −1 . Historically, these modes have been collectively referred to as low-frequency (or LF) modes. Moving from the bulk to multilayer systems, the symmetry changes to D 3d and D 3h point groups for even and odd number of MX 2 layers, respectively. 10, 64, 89 Accordingly, the corresponding irreducible representations at the Γ point become: Γ even = N 3 2 (A 1g + A 2u + E g + E u ), for N = 2, 4, 6, ..., and Γ odd = − (A 2 ″ + E′), for N = 1, 3, 5, ..., respectively. An NL MX 2 sample has N − 1 2-fold degenerated S modes and N − 1 nondegenerated LB modes, as illustrated in Figure 1 . 10, 64 When N is even, the LB/S modes are either Raman-active (A 1g /E g ) or IR-active (A 2u /E u ). Conversely, when N is odd, the LB modes are either Raman-active (A 1 ′) or IRactive (A 2 ″), while the S modes are either Raman-active (E″) or both Raman-active and IR-active (E′).
The full identification of the S and LB modes requires the measurement of polarized Raman spectra. 10 Under a backscattering configuration, the experimental polarization configuration is represented by the shorthand Z̅ (XX)Z or Z̅ (XY) Z. 61, 90, 91 Here Z̅ and Z are the propagation directions of incoming and scattering light, while XX and XY correspond to parallel and cross-polarization configurations, respectively. According to the Raman tensors for each phonon mode in MX 2 , the LB modes can only be observed under the XX configuration, while the S modes can be observed under both XX and XY configurations. 61, 64 This simple analysis shows a straightforward method to discern between the in-plane S modes and the out-of-plane LB modes by performing two distinct polarization Raman measurements.
Such analysis can be conducted for any 2DM, so long as its symmetry is clearly identified. The overall shape of the Raman tensor for a phonon mode (i.e., the position of its nonzero elements) can be obtained by referring to space-group specific tabulated tensors. This establishes whether the mode is Raman active or not. Additionally, it also determines if the Raman mode can be observed or not under a specific polarization configuration. The actual intensity of the Raman active mode requires knowledge of the numerical values of the tensor elements. These can be obtained by computing the derivative of the polarizability tensor from first-principles. 92 In-depth discussions regarding the symmetry, Raman activity/tensor, and polarization dependence of phonon modes in diverse 2DMs can be found in previously published review articles. 10−12 Linear Chain Model for Interlayer Modes. A fairly accurate picture of the physics of S and LB modes can be obtained using a simple LCM, where knowledge of atomistic details of the materials is not necessary but is replaced by a small number of parameters describing interlayer interactions. As shown in the rest of this review, this model works well in cases where the interactions between layers are weak compared to in-plane (i.e., covalent or ionic) interactions. This condition is precisely met in layered materials where the interactions between layers are much weaker than the intralayer chemical bonding interactions, and thus each layer can be approximately treated as a rigid ball in the model. 93 Note that while this review will assume that the layers move rigidly or quasi-rigidly in the normal modes corresponding to low-frequency vibrations of interest, the rigidity is only approximate, especially for smallarea flakes and for systems, such as TMDCs, where each layer is not strictly one-atom thick. 93 In fact, such approximation has proven to work very well for 2DMs. Based on this fact, we can model each layer as a single ball with mass density μ (μ is expressed in units of mass per unit area) to reveal the frequency ω of the S and LB modes in multilayer 2DMs. Usually, considering a multilayer sample with N layers, the nearestneighboring layer force constant per unit area K is sufficient to yield accurate data in most cases. Note that exceptions exist, where next-nearest neighbors and beyond are necessary to provide a good agreement with experiment, as explained later. 83 As a general rule, for a N-layer in-plane isotropic material, there are N − 1 2-fold degenerate S modes and N − 1 LB modes whose frequencies can be calculated by diagonalizing separate N × N dynamical matrices: 43, 57, 83 ω ω π where the phonon branch index j = 1, 2, 3, ..., N − 1,
is the in-plane (out-of-plane) nearest-neighboring interlayer force constant per unit area, μ is the total mass per unit area of each layer, and c is the speed of light in the unit of cm/s so that the frequency ω is expressed in cm −1 . 57 Note that a ω = 0 3-fold degenerated eigenvalue is found after matrix diagonalization. This mode belongs to the phonon (acoustic) branch j = 0 corresponding to a rigid translation of the entire material along the x, y, or z directions. Here for S/LB modes, we define S N,1 /LB N,1 as the highest-frequency branch (j = N − 1) and S N,N−1 /LB N,N−1 as the lowest-frequency branch (j = 1). 11, 43, 83 Note that a number of different notations have been used in the literature for different branches of S and LB modes in the publications from different groups. 19, [64] [65] [66] 80, 94 According to eq 1, for a bilayer (N = 2, j = 1):
which shows that the interlayer mode frequency of the bulk is 2 larger than that in the bilayer case. When the frequencies of the S and LB modes in the bilayer are normalized to 1, the frequencies of the bulk are equal to 2 , as shown in Figure 2 . 11 As a general rule from the LCM, there exist two types of phonon branches for the S modes: (1) 
..., corresponding to the modes of S N,1 , S N,2 , S N,3 , ..., respectively, whose frequencies increase with increasing N; and (2) j = 1, 2, 3, ..., corresponding to the modes of S N,N−1 , S N,N−2 , S N,N−3 , ..., respectively, whose frequencies decrease with increasing N. This rule can also apply to the LB modes. Note that for a given N, the N − 1 doubly degenerate shear modes can also be simply denoted as S 1 , S 2 , S 3 , ..., S N−1 , where the modes are ordered in such a way that the frequency monotonically decreases with increasing mode index. Similarly, the N − 1 LB modes can be denoted as LB 1 , LB 2 , LB 3 , ..., LB N−1 . Figure 2 shows the branches of j = N − 1, N − 2, N − 3, ... for the S modes and the branches of j = 1, 2, 3, ... for the LB modes. In order to check the validity of such a general result, the normalized experimental frequencies of S and LB modes in N ∈ 2−18 for MoS 2 61 are also included as square symbols in Figure  2a and circles in Figure 2b , respectively. Clearly, the calculated values match very well with the experimental results. It is interesting to note that for naturally 2H-stacked MoS 2 , 61 the observed S modes belong to the branches (j = N − 1, N − 3, N − 5) whose frequencies increase with increasing N, while the observed LB modes belong to the branches (j = 1, 3, 5) whose frequencies decrease with increasing N. The reason why these S and LB modes can be observed is revealed by a recently proposed interlayer bond polarizability model, 81, 94 as discussed below in the section devoted to the interlayer bond polarizability model. The LCM within the approximation of nearest-neighboring interlayer coupling has been successfully applied to interlayer phonon frequency predictions for many 2DMs, such as graphene, 43, 57, 74, 83 99 In a few cases such as twisted two-dimensional samples, the LCM needs to include the second-nearestneighboring interactions to yield quantitative agreement with experiment. 83 In addition to predicting frequencies, the LCM also yields the eigen-displacementsor normal modesof each LF mode. Specifically, for the j-th mode S N,N−j or LB N,N−j in a Nlayer system, the displacement of layer i is 57
where Δr i j is oriented along the x (or y) direction for S modes and along the z direction for LB modes. The vibrational patterns illustrated in Figure 1 can be reproduced by this equation.
Recent Advances in Low-Frequency Raman Scattering Techniques. The frequencies of the interlayer modes are usually well below 100 cm −1 and are therefore found to be close to the lower detection limit of typical Raman spectroscopes, which use a single monochromator integrated with a notch or edge filter. Since Raman spectroscopy measures the relative frequency shift between incident laser line and scattered Raman signal, LF Raman spectroscopy requires the excitation source to be a single-frequency laser with a very narrow line width. Generally, a single-frequency laser combined with a narrow line width bandpass filter is required for LF Raman measurements. Besides the laser source, the LF Raman measurements also require the equipment to efficiently suppress the strong Rayleigh line corresponding to elastic scattering. To achieve this, a subtractive mode is used in a triple monochromator Raman spectrometer, in which the first two monochromators serve as a tunable Raman filter and the third grating disperses the scattering light onto the detectors. Although the LF Raman signals are easily accessible by such a triple monochromator Raman spectrometer, 64, 69, 91 the throughput of this setup is really low, around 5 times lower than a single monochromator, leading to long acquisition time and to important limitations for its potential applications of weak signal detection.
Recently, major advances in notch filter fabrication based on the development of the volume Bragg grating (VBG) technique 100 have enabled the detection of LF Raman modes even in spectrometers using a single monochromator Raman system. 57, 61 Each VBG-based notch filter (BNF) exhibits a narrow bandwidth (∼8−10 cm −1 ), high transmittance (up to 80−90% dependent on the laser wavelength), and an optical density (OD) 3−4. This makes it possible to measure LF Raman signals with high signal-to-noise ratio by a set of BNFs. 57, 61 In order to effectively reject the Rayleigh line, 3−4 pieces of BNFs are usually used. The configuration of the three BNFs to a single monochromator is shown in Figure 3a . Bandpass filters (BPFs) based on the VBG technique are necessary to remove the plasma lines of the laser, whose spectral width can be as small as ∼8−10 cm −1 . Since the BPF is a reflecting filter, at least two mirrors are necessary to precisely align the laser beam to the center of the first BNF (BNF1), as shown in Figure 3a . Three BNFs are usually well tuned to reach deep blocking of the Rayleigh line up to 10 −9 −10 −12 . After the filtering stage, LF Raman signals are effectively guided into the monochromator for detection. A major advantage of this technique is that the throughput of such Raman setup is much higher than the triple monochromator Raman spectrometer. Since the observation of the S mode in AB-stacked MLG using such a configuration and setup in 2012, 57 it has become increasingly popular to study LF interlayer modes in 2DMs 65,66,68,74,79,80,83,95−99 as well as the acoustic phonons in nanostructures. 101, 102 Recently, thanks to further improvements of the VBG technique, the bandwidth of each BNF can be developed down to ∼4 cm −1 at certain laser wavelength, and thus the LF Raman measurements can be detected down to 2 cm −1 , approaching the Brillouin scattering regions. 103 This has been applied to reliably probe acoustic phonons in bulk semiconductors with high sensitivity, shortening the integration time of the Brillouin signal with a good signal-to-noise ratio by more than 2000-fold compared to a Fabry−Perot interferometer. 103 In addition to VBG-based notch filters, specifically designed edge filters have been developed to probe LF Raman signal down to 10 cm −1 . 104 Such detection limit is often sufficient as most LF Raman modes of interest are mainly (but not exclusively) located above 10 cm −1 . The configuration of the edge filter to a single monochromator is shown in Figure 3b along with a VBG-based BPF to remove the plasma lines of the laser close to the Rayleigh line. A cross-polarized backscattering geometry can be used to suppress the Rayleigh line and obtain the LF Raman signal. This setup exhibits high sensitivity and easy operation, relying on commercial components, and makes it possible to obtain good LF Raman intensity with low excitation power and short acquisition time, as verified by the measurement to Ge/Si quantum dot superlattices and Lcystine. 104 
LOW-FREQUENCY RAMAN MODES FOR SAMPLE THICKNESS DETERMINATION
A number of experimental techniques have been devised to accurately identify the number of layers in 2DMs, including atomic force microscopy (AFM), photoluminescence (PL) techniques, 37,38,53,105−108 optical contrast measurement, 109−111 and HF Raman mode analysis. 53,54,74,112−114 However, the use of AFM may damage the sample and is not possible for suspended samples. Moreover, owing to the different interactions between the substrate and the sample, AFM measurements may lead to an inaccurate thickness determination. 53, 96, 115 Generally, PL only works for a limited number of 2DMs that possess a layer-dependent electronic bandgap. Thus, for semimetals, insulators or samples with poor PL signal, it is impossible to identify the number of layers based on PL measurements. Although the use of optical contrast techniques is straightforward and fast, it is strongly dependent on the substrate used. 53, 109, 111 It follows that the optical contrast is not the most reliable method to accurately determine the number of layers in a given sample. Measuring the frequencies of HF Raman modes can lead to useful information on the number of layers in some 2DMs, 10,54,74,112−114 but in most cases, this approach is only applicable to thin samples with N < 5. In stark contrast to all of these techniques, LF interlayer Raman scattering is exquisitely sensitive to interlayer coupling and to the number of layers. It has been successfully demonstrated as a convenient, fast, substrate-free, and reliable technique to identify the number of layers, their stacking, and even the relative twisting angles between adjacent layers.
Multilayer Graphene. Graphene is the first truly 2DM that could be experimentally isolated into its mono-to few-layer configurations. 1 Usually, the number of graphene layers is experimentally determined by AFM, optical contrast, 109, 110 or a measurement of the Raman line shape of the 2D Raman modes. 74, 112, 113 However, these methods present a number of limitations, as already mentioned above. In contrast, the measurement of the S modes in AB-stacked MLGs by LF Raman techniques offers an alternative approach to identify the number of graphene layers. 57 Figure 4a illustrates the observation of the highest-frequency branch of the S modes (i.e., S N,1 ) in 2−8L graphene and bulk graphite. In addition, Figure 4b shows the frequencies of the G and S modes as a function of 1/N. The frequency of the S N,1 mode is found to substantially increase as N increases, in agreement with expectations derived from the LCM presented in the section devoted to the LCM for interlayer modes. Note that the frequency of the G mode, observed at ∼1581 cm −1 , remains essentially constant as the number of layers increases. This suggests that the LF interlayer modes are more effective for thickness determination than the other techniques.
The LCM directly links the interlayer mode frequency with the interlayer coupling strength. 43, 57, 83 In MLGs, the interlayer shear coupling strength K has a value ∼1.28 × 10 19 Nm −3 as derived from the LCM. 57 This leads to an estimation of the interlayer shear modulus C 44 of ∼4.3 GPa, which is consistent with the values between 4.5 and 5.1 GPa measured by inelastic X-ray scattering. 116 Similarly, the LB modes can also be used to identify the number of layers and interlayer coupling in ABstacked MLGs. However, up to now, only a few works have reported the observation of the LB modes, using nonstandard conditions. For example, the second-order LB modes in MLGs have been observed by double resonance Raman scattering, 58, 59 while first-order LB modes have been observed at high temperature. 60 Note that in contrast to the weak S and LB modes observed in AB-stacked MLGs, the S and LB modes in twisted MLGs (tMLGs) are significantly enhanced owing to the presence of strong resonance with additional optically allowed electronic transitions. 43, 83 We note that the S and LB modes in bulk graphite were investigated decades ago by inelastic neutron scattering. 117, 118 The LB mode in bulk graphite is Raman inactive, and its frequency was determined around 128 cm −1 by neutron spectrometry (see Table 1 ). 83, 117, 118 The S mode in bulk graphite is Raman active, and thus its frequency can be obtained by both LF Raman scattering and inelastic neutron scattering (about 43.5 cm −1 ). 57, 117 The interlayer modes in bulk graphite give rise to two continuous branches of phonons for wave vector along the c axis (i.e., the [001] direction), called TA (shear vibrations, doubly degenerated) and LA (breathing vibrations). At the A point of the first Brillouin zone, these branches are folded back in the direction of the Γ point due to the ABAB superstructure and become the TO and LO branches (note that different notations were used in other works). 117, 118 At the Γ point, they correspond to the S and LB modes discussed in this work. Similar phonon dispersion analysis was also carried out previously for bulk MoS 2 by inelastic neutron scattering, 119 for bulk h-BN by inelastic X-ray scattering, 120 and for bulk black phosphorus by inelastic neutron scattering. 121, 122 However, one should note that for bulk black phosphorus, the TA branch is split into two due to the in-plane anisotropy (i.e., the two S modes are no longer degenerated).
Group 6 TMDCs MX 2 . TMDC cystals, represented by the MX 2 (M = Mo, W; X = S, Se, Te) formula, have received extensive attention due to their distinctive electronic and optical properties. MX 2 multilayer samples feature a layered structure similar to MLGs. The frequencies of the S and LB modes of multilayer MX 2 can also be used to identify the number of layers and to shed light onto the interlayer coupling strength. 10, 61, 62, 64 Figure 5a illustrates the LF Raman spectra of multilayer and bulk 2H-MoS 2 , where a series of the S and LB modes are clearly observed below 50 cm −1 . As mentioned in the section devoted to the LCM, the observed S modes originate from the branches (j = N − 1, N − 3, N − 5) whose frequencies increase with increasing N, while the observed LB modes belong to the branches (j = 1, 3, 5) whose frequencies decrease with increasing N. For any thickness, the highestfrequency S mode, S N,1 , dominates the S peaks, while the lowest-frequency LB mode, LB N,N−1 , dominates the LB peaks. Figure 5b−c shows their frequencies and full-widths at halfmaximum (fwhm) as a function of N. In contrast to the small frequency variation (∼3 cm −1 ) of the HF E 2g 1 and A 1g modes from bilayer to bulk, 54 the corresponding frequency variation of the S and LB modes is significant: ∼( 2 −1)ω(S 2,1 ) (i.e., ∼10 cm −1 ) for the S modes and ∼ω(LB 2,1 ) (i.e., ∼40 cm −1 ) for the LB modes. Such contrast highlights the superiority of using LF modes for thickness determination. Note that the larger fwhm of the LB modes compared with the S modes can be explained by the anharmonic behavior related to the significant enhancement of phonon−phonon scattering. 10, 63 The frequency evolution of the LF modes with N in MX 2 , for example, MoS 2 , can be understood well within the LCM framework, 11, 61 as shown in Figure 2 . The LCM of MX 2 treats one M atom layer and two adjacent X layers as one ball, so such LCM is also denoted as the monatomic LCM or MCM. In order to elucidate whether the interaction of X−M atoms within an MX 2 layer affects interlayer coupling or not, Zhang et al. also included the force constant between the nearest M and X atoms within an MX 2 layer and regarded each M atom layer and each X atom layer as individual balls, which corresponds to a diatomic LCM (DCM). 61 The DCM of MoS 2 reveals that the relative displacement between Mo and S atoms within an MoS 2 layer can be ignored for all of the S and LB modes in NL-MoS 2 . As a result, the calculated frequencies of the S and LB modes in NL-MoS 2 based on the DCM are identical to those obtained by MCM. 61 Similar to the graphene case, the shear modulus can be estimated on the basis of the interlayer force constant of NL-MoS 2 , 10 with a numerical value of 18.9 GPa in agreement with reported value of 18.6 GPa based on phonon dispersion curves determined by neutron scattering and X-ray measurements of the linear compressibility properties. 61, 123 Note that similar analyses have been conducted for other MX 2 materials as well. 10 Davydov Splitting. In general, each phonon mode in a 1L system will split into N corresponding modes in NL. For example, each optical mode in 1L gives rise to a set of N neardegenerate vibrational modes in the corresponding NL system. Likewise, the acoustic modes in 1L will evolve into the S and LB modes in NL. The resulting modes are known as the Davydov components. Likewise, the frequency difference between two components is known as Davydov splitting. Such splitting is usually small because it results from a small perturbation to the strong intralayer vibration modes by the weak interlayer interaction and can be evaluated using a firstorder approximation. Quantifying the Davydov splitting in NL TMDCs has proven to be a difficult task. 97 96 in NL MoTe 2 . This approach was also extended to other Raman modes in NL TMDCs. 131 Taking the A 1 ′-like mode in NL MoTe 2 as an example, if the displacements between all the Te atoms of two adjacent layers are in-phase, the frequency of the corresponding A 1 ′-like mode in the NL MoTe 2 is equal to that (ω 0 ) of the A 1 ′ mode in 1L MoTe 2 . In contrast, if one or more pairs of out-of-phase displacements between two adjacent Te atom layers exist in the j th A 1 ′-like mode in NL MoTe 2 (j = 1, 2, 3,..., N − 1), its frequency (ω j ) will slightly depart from ω 0 due to the interlayer coupling from the out-of-phase displacements between two adjacent Te atom layers. Within the first-order approximation, the frequency of the corresponding LB mode with similar out-of-phase displacements between two adjacent Te atom layers can be considered as the perturbation from ω 0 , i.e., the coupling frequency (Δω j ). In this case, the frequencies of the A 1 ′-like mode in NL MoTe 2 and the A 1 ′ mode in 1L MoTe 2 can be directly linked by ω j 2 = ω 0 2 + (Δω j ) 2 , where the coupling frequency Δω j is the frequency of the corresponding LB mode. Note that due to the direction of the displacements, for the in-plane E′-like modes in NL MoTe 2 , the coupling frequency is the frequency of the corresponding S mode.
The observation of Davydov components is related to the electron−phonon coupling and Raman activity. Only about half of the Davydov components can be Raman active in multilayer TMDCs. For example, the A 1 ′ mode in 1L MoTe 2 leads to the emergence of (N + 1)/2 and N/2 Raman active modes in odd- and even-layer MoTe 2 , respectively, among the total N Davydov components. 53, 96 Therefore, the Davydov splitting cannot be observed in 2L MoTe 2 . Under resonant conditions, only two Davydov components can be observed in 3L and 4L MoTe 2 . Figure 6 depicts the LB and A 1 ′-like modes in 1−6L MoTe 2 , the atomic displacements of the LB and A 1 ′-like modes of 4L MoTe 2 , and the corresponding experimental and vdW model data. 96 The figure shows that the vdW model can be used to explain the Davydov splitting of the A 1 ′-like mode in NL MoTe 2 . 96 Such Davydov splitting is N-dependent, and thus the corresponding spectral features can also be used for sample thickness determination. It has also been reported that under resonance conditions at low temperature, the forbidden Davydov components in WS 2 can also be observed by Raman scattering. 130 Helicity-Resolved Raman. Thanks to their different normal mode symmetries, the S and LB modes can be distinguished by linearly polarized Raman scattering measurements. 61, 64 They can also be identified by helicity-resolved Raman scattering by controlling the helicity of the incoming and outgoing photons. This type of measurement has been demonstrated by Chen et al., who measured helicity-resolved LF Raman modes in MoS 2 , WS 2 , MoSe 2 , and WSe 2 . 132 The switching of the photon angular momentum by zone-center optical phonons depends sensitively on the different symmetry properties of the phonon modes. While the LB mode preserves photon helicity, the S mode reverses photon helicity. In other words, the LB and S modes can be measured in Z̅ (σ + σ + )Z and Z̅ (σ + σ − )Z polarization configurations, respectively. 132 This shows that helicity-resolved Raman spectroscopy may be another powerful approach for characterizing LF Raman modes and interlayer coupling in 2DMs.
In-Plane Anisotropic ReX 2 . Unlike isotropic MoS 2 , ReX 2 (X = S, Se) crystals exhibit a distorted CdCl 2 -type lattice structure with in-plane anisotropy. In-plane lattice distortion profoundly affects the interlayer coupling in such multilayer samples. 67, 68, 79, 80, 98 In contrast to isotropic materials like MoS 2 , the electronic bandgap of ReS 2 remains direct regardless of the number of layers, 6 similar to in-plane anisotropic black phosphorus, for instance. 18, 38, 107, 108 Owing to the in-plane anisotropy, the two S modes are no longer degenerate in ReS 2 , and, more generally, the LF Raman modes are different compared to MoS 2 and graphene. In particular, multilayer ReS 2 samples obtained by mechanical exfoliation from natural bulk materials show a variety of stacking orders, 79 which makes it more difficult to develop a full understanding of the LF Raman spectra of multilayer ReS 2 , compared to isotropic systems. Figure 7a −b illustrates this complexity by showing the LF Raman spectra of N-ReS 2 (N = 1−8) with two types of stacking orders: in-plane anisotropic (AS) and isotropic (IS) stacking configurations, respectively. 79 It shows that, for the same number of layers, the S modes in ReS 2 display different behaviors between the AS and IS stacking orders, while the LB modes are almost identical between the two stacking configurations. 79 As a result, in spite of the existence of inplane anisotropy and different stacking orders in multilayer ReS 2 , the frequencies of LB modes can still be used to identify the number of layers in the sample.
According to eqs 1 and 2, the frequency of the j-th LB mode
, where ω(LB 2,1 ) is the frequency of the LB mode in bilayer ReS 2 . This relation can also be applied to the S modes. It should be noted that, in the AS configuration, the description of each S mode branch splits into two distinct equations:
and
The experimental results of AI and IS configurations and calculated values are summarized in Figure 7c −f, 79 where j = 1, 3, 5 branches of the S and LB modes have been observed in ISstacked NL ReS 2 . However, the j = N − 1 branch of the S x modes, j = N − 1, N − 2, N − 3, N − 4 branches of the S y modes and j = 1, 3, 5 branches of the LB modes have been observed in AI-stacked NL ReS 2 . Such difference between ISand AI-stacked NL ReS 2 demonstrates different lattice dynamics and symmetries between the two stacking configurations and would require further investigation to develop a full understanding. Because the S and LB modes in ReS 2 can also be well understood by the LCM, the interlayer coupling strength is expected to be a constant in multilayer ReS 2 for a given stacking order. Based on the observed ω(LB 2,1 ) and ω(S 2,1 ) in 2L ReS 2 , we find that the interlayer shear force constants K ∥ of AIstacked ReS 2 along the x and y directions are around 90% and 55% of those of MoS 2 , 79 while this ratio is around 67% for K ∥ in IS-stacked ReS 2 . The interlayer breathing force constant K ⊥ in AI-and IS-stacked ReS 2 is around 76% of that in MoS 2 . 79 These results suggest that the interlayer coupling in ReS 2 is relatively strong and plays an important role in the determination of its optical properties. 79 Other Layered Materials. NbSe 2 . NbSe 2 is another example of TMDCs featuring a layered structure. However, in contrast to most of the other TMDCs, NbSe 2 is a conductor which exhibits a number of properties usually found in strongly correlated materials, such as superconductivity at T C = 7.2K 133 and charge density waves (CDW) at T CDW = 33.5K. 134 The interlayer interaction is key to describing the evolution of T CDW and to a lesser extend T C as a function of the number of layers. Xi et al. observed that T CDW continuously increases as the number of layers decreases to reach a value of 145 K for the monolayer. 70 In contrast, T C is only mildly sensitive to the number of layers, as it monotonically reaches a value of 3.1K for monolayers. 135, 136 While the interlayer phonons play a crucial role in increasing the CDW transition temperature, the transition itself does not affect the phonons as demonstrated by He et al. 71 As shown in Figure 8a , for NbSe 2 , the highestfrequency S mode (S N,1 ) and the lowest-frequency LB mode (LB N,N−1 ) have the strongest Raman signals, with the frequencies of the S and LB modes increasing and decreasing as a function of the number of layers, respectively. The crossover between the S and LB mode occurs for three layers, where the two frequencies coincide at about 24 cm −1 . It is interesting to note that the LF Raman scattering (both S and LB modes) in NbSe 2 71 is similar to that in MoS 2 61,64 discussed above in the section devoted to group 6 TMDCs MX 2 , although the details of their stacking are different. Natural NbSe 2 is in the 2Ha phase (or AB′ stacking), while natural MoS 2 is in the 2Hc phase (or AA′ stacking). Nevertheless, the interlayer bond polarizability model discussed below shows a general rule that 2DMs in AA′ stacking (like MoS 2 , MoSe 2 , MoTe 2 , WS 2 , WSe 2 , and h-BN), AB′ stacking (like NbSe 2 ), and AB stacking (like graphene) exhibit similar LF Raman scattering. 81 Specifically, the highest-frequency S branch, S N,1 , dominates the S peaks, while the lowest-frequency LB branch, LB N,N−1 , dominates the LB peaks.
h-BN. Hexagonal boron nitride (h-BN), also called white graphene, is a two-dimensional insulator with a wide bandgap (∼6 eV) featuring an atomic structure very similar to that of graphene. It attracts significant interest owing to its potential as a complementary component, such as an encapsulation layer or an ideal dielectric substrate, in the design of functional twodimensional heterostructures. 72 The large bandgap corresponds to an energy well above most laser excitation energies used in Raman spectroscopy. It follows that Raman scattering in h-BN typically falls in the nonresonant condition, giving rise to weak Raman signals. As a result, the detection of the LF modes in multilayer h-BN is rather challenging, and it was only achieved recently by Stenger et al. 72 Similar to MLG (Figure 4) , the highest-frequency branch of the S modes, S N,1 , dominates in the LF Raman scattering of h-BN samples, as shown in Figure 8b . Starting from 3L to bulk, the S-mode frequency increases from ∼46.0 to 52.5 cm −1 . This result can also be validated by the LCM. 72 On the other hand, the characteristic HF mode at 1366 cm −1 shows little change in frequency as a function of the number of layers. This highlights the promise of LF Raman spectroscopy as a tool to quantitatively determine the thickness of h-BN samples.
Black Phosphorus. Black phosphorus (BP) is the most stable allotrope of phosphorus. It is characterized by a layered structure where each monolayer has a puckered and anisotropic structure. 14−16 Raman spectroscopy has been used extensively to characterize its structural properties, specifically the characteristic HF A g 1 , B 2g , and A g 2 modes found in all BP samples, regardless of the number of layers. In the LF region, multiple LB peaks can be observed in BP under typical experimental backscattering configurations with frequencies strongly dependent on the number of layers. 19, 65, 66 For orthorhombic BP, the symmetry of the S modes requires a nonbackscattering configuration, such as Z̅ (YZ)Z or similar, to be used to make them detectable by Raman measurements. 19, 65 Among the observed LB modes, two prominent bands arise from the lowest-frequency branch (i.e., LB N,N−1 ) and highestfrequency branch (i.e., LB N,1 ). 65 The LCM theory can account for the fact that in contrast to the lowest-frequency mode LB N,N−1 whose frequency decreases as a function of N, the highest-frequency mode LB N,1 increases in frequency as a function of N. 65 Furthermore, Dong et al. reported observation of an unusual ultralow frequency mode, called the collective compression mode (CCM), that has an in-phase compression motion of all the layers in the BP sample relative to the substrate. 66 Its frequency quickly decreases with increasing N. This effect cannot be fully explained by the conventional LCM, and this mode was attributed to the strong interlayer coupling in BP. In fact, the derived interlayer out-of-plane force constant in BP is larger than that of graphene and MoS 2 . 65, 66 This is an important result indicating that the interaction between BP layers is not of pure dipole−dipole (i.e., vdW) type but also involves significant electron density overlap stemming from the presence of P's lone electron pairs. 65, 137 PtS 2 and PtSe 2 . PtS 2 and PtSe 2 are other examples of layered structures where stronger than vdW interlayer interaction governs the appearance of S and LB modes between quasi-rigid layers. 138, 139 This strong interaction also stems from the hybridization of interlayer chalcogenide atoms, which yields a significant overlap of the electronic densities between layers and an appreciable degree of covalent (i.e., directional) interlayer bonding. 137 This effect can be quantified using Raman measurements by fitting the force constants used in LCM's equations to show that the interlayer breathing force constant (IBFC) and interlayer shear force constant (ISFC) are almost identical in PtS 2 , in contrast to other structures governed by vdW interlayer interaction (such as graphene or MoS 2 where IBFC > ISFC). In PtS 2 and PtSe 2 , the LB modes can be observed in LF Raman spectra and the lowest-frequency LB branch is the most prominent peak. Its peak position quickly redshifts with increasing number of layers, thereby serving as an effective thickness indicator. 138, 139 Bi 2 Te 3 and Bi 2 Se 3 . Bi 2 Te 3 and Bi 2 Se 3 are examples of 2DMs with topological insulator properties. Each individual layer features quintuple atomic layers, which are interlinked by covalent bonds. These individual layers hold together to form a multilayer by weak interlayer interactions. The absence of interlayer vibration modes in the Raman spectra of the bulk is a distinct feature of these topological insulators compared to bulk graphite and MoS 2 , because the stacking in Bi 2 Te 3 and Bi 2 Se 3 assumes a unique ABC configuration. 69 This effect can be explained by the interlayer bond polarizability model discussed in details below. 81 The ABC stacking order also dictates that both the lowest-frequency S and LB branches lead to prominent LF Raman peaks, with frequencies quickly decreasing with increasing number of layers (see Figure 12g ). Finally, before concluding this section, in Table 1 we summarize the frequencies of the bulk S and LB modes of the layered materials discussed in this review. With the bulk frequencies, the frequencies of all S and LB modes in an N-layer system can be obtained by the LCM theory (eq 1). In addition, they can also lead to an accurate estimation of the in-plane and out-of-plane interlayer force constants (Table 1) .
LOW-FREQUENCY RAMAN MODES AS FINGERPRINTS OF STACKING CONFIGURATION
In addition to determining the number of layers, knowing the exact sequence of layers is of crucial importance to describe the properties of 2DMs. For example, starting with graphene, twisted bilayer graphene exhibits distinct electronic and optical properties compared to bilayers featuring the common Bernal (AB) stacking. These properties include fractional quantum Hall effect, presence of Van Hove singularities, etc. [39] [40] [41] [42] 140, 141 Graphene trilayers with common ABA (Bernal) and ABC (rhombohedral) stacking orders exhibit considerably different electronic structures, infrared absorption spectra, electronic bandgap tunability, and quantum Hall effect. [44] [45] [46] [47] 86, 142 For instance, the ability to open an electronic bandgap in graphene systems remains of great fundamental and practical interest in the quest of using graphene in nanoelectronics and optoelectronics. Graphene trilayers with the typical ABA stacking do not display any appreciable gap in the presence of an external electric field. Conversely, graphene trilayers with ABC stacking do feature the development of a large bandgap under the influence of an applied electric field, owing to the stacking-dependent electronic interactions and symmetries. 45−47 Many other layered compounds that have been (re)discovered in the context of 2DMs provide a seemingly unlimited playground for studying stacking-dependent phenomena. 47 For instance, group 6 TMDCs MX 2 (M = Mo, W; X = S, Se, Te) constitute another set of examples of 2DMs with tremendous research interest and technological promises. Among all known TMDCs, MoS 2 is the most studied. 4 Bulk MoS 2 exhibits two stable stacking polytypes, 2H and 3R, with different symmetries but with similar formation energies. 3, 8, 76 At the other end of the spectrum, monolayer MoS 2 exhibits strong spin−orbit coupling and a broken inversion symmetry. In addition, the spin and valley are inherently coupled, leading to valley-contrasting optical dichroism for valleytronics. 76, 143, 144 However, because bilayer MoS 2 in 2H stacking restores the inversion symmetry, the valley-contrasting optical selection rule becomes invalid. 42, 48, 76, 145 In principle, for 2H-MoS 2 , only oddlayer systems with no inversion symmetry can present spin/ valley polarization, while even-layer and bulk systems cannot because of the presence of inversion symmetry. 48, 76 In contrast, 3R-MoS 2 is noncentrosymmetric regardless of the thickness, and hence valley-contrasting optical dichroism is allowed regardless of the parity of N. 42, 48, 76 Interestingly, the piezoelectric effect is also sensitive to symmetry and can be forbidden when inversion symmetry is present. Recent pioneering works have demonstrated that piezoelectricity is present and absent in odd-layer and even-layer 2H-MoS 2 , respectively, due to the breaking and recovery of the inversion symmetry. 146, 147 However, since inversion symmetry is always broken in 3R-MoS 2 , piezoelectricity could be present in the 3R stacking for any thickness. This is just an example of the level of tunability stacking order offers to tailor the properties of 2DMs.
Although atomic-resolution scanning transmission electron microscopy (STEM) is one of few techniques that can be used to determine the exact atomic registry between different layers, 52 LF Raman spectroscopy has recently risen as a fast and inexpensive optical technique for routine stacking characterization, and it could become an affordable tool in any laboratory. In this section, we first discuss the nomenclature of stacking in popular 2DMs and propose a general strategy to unify the stacking terminology in the field. 81 We then review the experimental progress on the stacking determination by LF Raman modes in 2DMs. The stacking dependence of LF Raman intensities can be understood by combining group theory, the generalized interlayer bond polarizability model, and first-principles-based simulations.
Unified Stacking Nomenclature. The most common stacking pattern in bilayer graphene is the AB or Bernal configuration (Figure 9a) , which corresponds to every other carbon atom in one layer eclipsed over an atom in the other layer and the other atoms directly positioned over the center of a hexagon of the second layer. Compared to the less common and less stable AA stacking where the layers are exactly aligned, AB stacking has the second layer shifted over the length of one carbon bond with respect to the first layer. For this reason, this configuration is often referred to as the staggered stacking. In trilayer graphene, the first and second layers assume AB stacking, and, when adding a third layer, the shift can be undone, resulting in ABA (Bernal) stacking sequence, or repeated, to yield ABC (rhombohedral) stacking sequence (Figure 9a ). 47 For group 6 MX 2 like MoS 2 , the presence of two distinct chemical elements in the unit cell gives rise to more diverse high-symmetry stacking configurations compared to graphene. As discussed above, bilayer MoS 2 has two stable stackings, which are similar to the bulk 2H and 3R stacking polytypes, respectively. 49, 50, 148, 149 Likewise, trilayer MoS 2 has more complex stacking combinations beyond 2H and 3R. 52, 149 Currently there is no universal stacking nomenclature to uniquely describe few-layer MoS 2 . Different works have adopted a set of different terminologies, and this creates unnecessary confusion in the community. 51,52,75,76,94,148−150 This is the reason why the notations used for the bulk (i.e., 2H and 3R) are still widely used for labeling stacking orders in multilayer systems, even though strictly speaking they are neither entirely valid nor sufficient to describe the types of stacking found in multilayer samples. For example, for bulk crystals in 2H and 3R, the letters stand for hexagonal and rhombohedral, respectively, and the digit indicates the number of layers in one unit cell. 8 It follows that using the label 3R in two-layer samples is not a strictly correct term. Of course, the use of 2H and 3R terminology is still useful as it serves as a common starting point. In this review, we adopt a well-accepted methodology to unify the stacking nomenclature in group 6 TMDCs, also applicable to other hexagonal structures including graphene, h-BN, GaS(Se), NbSe 2 , etc. 81, 85, 148, 150, 151 The labeling is described as follows: For bilayer MX 2 shown in Figure 9b , 2H stacking corresponds to M in one layer over X in the other layer and X in one layer over M in the other layer (eclipsed with M over X), or AA′ in short; 3R stacking corresponds to M in one layer over X in the other layer, while all other M and X over the hexagon centers (staggered with M over X), known as AB. Note that 2H stacking cannot be named as AA since AA is reserved for an unstable stacking configuration, where M in one layer is over M in the other layer, and X in one layer is over X in the other layer. 81, 84, 85 Starting from AA′ and AB stackings in a bilayer system, four types of stacking combinations can be present in trilayer MX 2 : AA′A, ABA, ABC, and AA′B′ (each letter in the stacking sequence corresponds to each individual layer, Figure 9b ). It appears from this definition that the notation AA′A corresponds to 2H stacking in the trilayer system, while AA′B′ (A′B′ equivalent to AB) is a mixture of 2H and 3R stackings, also labeled 2H-3R. Likewise, ABC corresponds to the bulk 3R stacking, while ABA is another form of 3R stacking (labeled 3R′). In short, four types of high-symmetry stacking configurations can exist in trilayer MX 2 , and two of them can be traced back to the bulk 2H and 3R stacking polytypes, while the other two are their combinations or derivatives. Each of these stacking orders have been experimentally studied in a number of recent reports. 52, [75] [76] [77] [78] 94 Note that all four stacking types discussed can also be found in bulk GaSe samples, where AA′A, ABA, ABC, and AA′B′ are historically referred to as β-2H, ε-2H, γ-3R, and δ-4H polytypes, respectively. 152, 153 In addition, although bulk NbSe 2 is also in the 2H phase, the stacking order assumes AB′ (staggered with Nb over Nb, while Se atoms over the hexagon centers), 71,81 different from AA′ stacking of 2Hphase MoS 2 . This further demonstrates the usefulness of the stacking terminology for unambiguous stacking assignment.
Multilayer Graphene. Recent works have demonstrated the unique dependence of LF Raman intensities on the stacking configuration in few-layer graphene. 73, 74, 94 Lui et al. reported that in trilayer graphene of either ABA or ABC stacking, there are two double-degenerate shear modes (S 2 and S 1 ) and two layer breathing modes (LB 2 and LB 1 ), as shown in Figure 10 . 73 Note that in this section, the notations S N,j and LB N,j will be simplified as S j and LB j , respectively. Since ABA-and ABCstacked trilayers share very similar interlayer coupling, the frequencies and vibrational patterns of these LF modes show little variations upon stacking change. However, their symmetry assignments, Raman and infrared (IR) activity can be strongly stacking-dependent. ABA trilayers present a mirror symmetry with the point group D 3h , and consequently the S 2 and S 1 modes assume E″ and E′ symmetries, respectively (Figure 10a Based on the Placzek approximation, the Raman intensity of a phonon mode is given by ∝ | ⃗ · ⃡ · ⃗ | I e R e T i s 2 , where ⃡ R is the secondrank Raman tensor of the phonon mode, and ⃗ e i and ⃗ e s are the electric polarization vectors of the incident and scattered light, respectively. 19, 73, 92, 155, 156 This equation explicitly shows that the Raman intensity depends on the Raman tensor and the scattering geometry, which are intrinsic and extrinsic properties, respectively. The most common scattering geometry is the backscattering one where the laser polarizations are parallel to the sample plane (x, y). According to eq 4, the Raman intensity of the S 2 mode with E″ symmetry is zero, whereas that of the S 1 mode with E′ is finite. This explains why S 2 , though Raman active, is not observed in the Raman spectrum of ABA stacked samples (Figure 10b) .
In contrast, ABC trilayers feature inversion symmetry with the point group D 3d , and consequently the S 2 and S 1 modes assume E g and E u symmetries, respectively (Figure 10a ). Their Raman tensors are also different: The S 1 mode with E u symmetry has a zero Raman tensor and thus is Raman inactive, while the Raman intensity of the S 2 mode with E g symmetry is finite in the in-plane polarization configuration. This explains why S 1 is not observed in Figure  10b for ABC stacking. As a result, the S 1 (S 2 ) mode is observed exclusively in the Raman scattering of ABA (ABC) stacking sequence, which is dictated by the stacking-sensitive crystal symmetry. On the other hand, Raman peaks of the highfrequency modes including D, G, and 2D modes exhibit less pronounced stacking dependence. Such a sensitive LF Raman response suggests that the shear modes can offer a promising alternative to characterize the stacking order for few-layer graphene. 73 Note that the LB modes do not share a similar sharp stacking dependence as that shown for the S modes. The LB 2 mode in either stacking order presents a similar form for Raman tensor and hence shows similar Raman intensities for ABA and ABC stackings, while the LB 1 mode is Raman inactive and cannot be observed in either stacking (Figure 10b ). Interlayer Bond Polarizability Model. So far, this review has largely focused on showing how symmetry analysis based on the premises of group theory can provide a qualitative understanding of LF Raman modes. We will now show that a quantitative description can be obtained using the interlayer bond polarizability model developed by Liang et al. 81 and indicate how the model can also offer an intuitive explanation of the stacking-sensitive LF Raman response. As mentioned above, knowledge of the Raman tensor is crucial for obtaining Raman intensity. The Raman tensor for each normal mode is proportional to the change of the polarizability tensor with respect to the normal coordinates of the corresponding vibration. 92, 94, 155 Focusing on interlayer vibrational modes, each layer vibrates as a quasi-rigid body, and it can thus be treated as a single object. For layer 1, if the derivative of the polarizability tensor with respect to its displacement along the x direction is defined as α⃡ ′ x 1 and its displacement from the equilibrium position is Δr 1x , the change of the polarizability tensor for this displacement is α⃡ ′ Δr 
where i refers to the layer index, B indicates a bond between layer i to neighboring layer i′ at equilibrium,⎯ → R i B , is the corresponding normalized bond vector, and Rî μ,B is its μ (=x, y, or z) component. The coefficients C i,B and C i,B * are related to the properties of the interlayer bond B, including the interlayer bond length and the interlayer bond polarizabilities and their radial derivatives. 81,94,157−159 In short, α ix,xx ′ or α iz,xx ′ can be easily obtained from the interlayer bond vectors of the system. Multiplied by the layer eigen-displacements Δr ix or Δr iz in eq 3, the change of the system's polarizability Δα xx is obtained for the S j or LB j mode, which subsequently yields the Raman intensity based on I ∝ |Δα xx | 2 . 81 We will now apply this model to a few selected examples.
Trilayer Graphene. For trilayer graphene in ABA and ABC stacking polytypes, the interlayer stacking between two consecutive layers always assumes an AB arrangement, and consequently the interlayer bond length, the interlayer bond polarizabilities, and their derivatives can be considered constant, 94 
It is interesting to note that α 1x,xx ′ = α 3x,xx ′ for ABA stacking as the first and third layers assume mirror symmetry, while α 1x,xx ′ = − α 3x,xx ′ for ABC stacking as the first and third layers present inversion symmetry. In short, because the x components of the interlayer bond vectors take different values depending on the stacking type, α 1x,xx ′ , α 2x,xx ′ , α 3x,xx ′ are β, − 2β, β for ABA stacking but β, 0, − β for ABC stacking. 81, 94 for the S 2 mode and − (0.5, 1, 0.5) 1 1.5 for the S 1 mode (see Figure 10a and eq 3 from the LCM). 73, 94 From these considerations, we find that Since the Raman intensity is I ∝ |Δα xx | 2 in a parallel polarization setup, these results can account for the fact that the S 1 (S 2 ) mode is observed exclusively in the Raman scattering of the ABA (ABC) stacking sequence, as discussed above in relation to Figure 10b . 73, 81, 94 In contrast, the z components of the interlayer bond vectors are identical in both types of stacking orders, and it follows that α 1z,xx ′ = −α 3z,xx ′ = γ, while α 2z,xx ′ = 0 for both stacking configurations. Furthermore, the layer displacements (Δr 1z , Δr 2z , Δr 3z ) are − (1, 0, 1) This result explains why the LB 2 mode is observed in both stacking configurations, while the LB 1 mode is not, as shown in Figure 10b . 73 From this analysis, we conclude that the LB modes cannot be used for the effective identification of stacking order in fewlayer graphene, and the focus should be on the S modes instead. Such key difference arises from the fact that the z (i.e., out-of-plane) components of the interlayer bond vectors do not change for a variation in in-plane stacking, but the x (i.e., inplane) components of the interlayer bond vectors can change. 81 It is clear that by treating each layer as a single rigid object and considering only the interlayer bonds, the simple interlayer bond polarizability model offers a rich and intuitive picture of the relations between the LF Raman intensities and stacking patterns. In fact, both the model and first-principles Raman simulations 81, 94 have shown that among the shear modes, the highest-frequency one S 1 has the largest Raman intensity in ABstacked MLG (Figure 10c ), while the lowest-frequency one S N−1 has the largest intensity in ABC-stacked systems ( Figure  10d ), in agreement with recent Raman measurements. 73, 74 Similar analysis can be extended to other materials in various stacking configurations to rationalize experimentally observed features, as discussed below. 81 Group 6 TMDCs MX 2 . Compared to MLG, the stacking situation becomes more complicated in group 6 MX 2 such as MoS 2 (Figure 9b ). Unlike MLG where the interlayer stacking between adjacent layers is always of AB type, there are two distinct interlayer stacking patterns in multilayer MX 2 , namely AA′ (2H) and AB (3R) (see the section on the unified stacking nomenclature for a reminder on notations). According to eq 6, for bilayer MX 2 in AA′ stacking, we find that where C 1,2 = C 2,1 = C(AA′) are the coefficients related to the interlayer bond polarizability and its derivatives for the AA′ stacking. For the shear mode, the normalized layer displacements (Δr 1x , Δr 2x ) are − (1, 1) 1 2 , so the change of the polarizability is Δα xx (AA′) = 2 β 1 . Similarly, for bilayer MX 2 with AB stacking, we have Δα xx (AB) = 2 C(AB)sin θ = 2 β 2 , where C(AB) is related to the interlayer bond polarizability and its derivative for AB stacking. Although the interlayer bond length is roughly the same for both AA′ and AB stacking orders, the interlayer bond polarizability and its derivatives are clearly different. 81 This has been experimentally verified by measuring the reproducible difference in LF Raman response of bilayer MX 2 for the two stacking orders. 52, 85 Specifically, as shown in Figure 11a , Puretzky et al. found that the intensity of the shear mode in bilayer MoSe 2 drops significantly from AA′ (2H) to AB (3R) stacking, 52 thereby indicating |β 1 | > |β 2 |.
For trilayer MX 2 , AA′A and ABA stacking orders share similar interlayer bond vectors with ABA stacking in trilayer graphene, while ABC and AA′B′ stacking orders share similar interlayer bond vectors with ABC stacking in trilayer graphene (Figure 9 ). 81 Similar to trilayer graphene, the normalized layer displacements (Δr 1x , Δr 2x , Δr 3x ) are − (1, 0, 1) for the S 1 mode. Consequently, following a similar procedure as the one used to analyze trilayer graphene, the change of polarizability due to a shear vibration for the four stacking orders in trilayer MX 2 can be derived as follows: 81 For both AA′A (2H) and ABA (3R′) stacking orders, the S 2 peak intensity is zero, and only the S 1 mode can be observed, similar to ABA stacking in trilayer graphene. In contrast, for ABC (3R) stacking, the S 1 peak intensity is zero, and only the S 2 mode can be observed, similar to ABC stacking in trilayer graphene. The situation is different in trilayer MX 2 for the AA′B′ stacking configuration (the mixture of AA′ and AB or mixture of 2H and 3R), as both S 2 and S 1 modes have nonzero intensities. Such stacking-dependent LF Raman response obtained using the interlayer bond polarizability model explains well the experimental data of 3L MoSe 2 measured by Puretzky et al., as shown in Figure 11b . 52 In addition, as discussed before, the fact that |β 1 | > |β 2 | determines that the S 1 peak intensity of AA′A stacking is much higher than that of ABA stacking (Figure 11b ). This feature provides a sensitive handle to differentiate between AA′A and ABA stackings as well, even though they share the same crystal symmetry. 52 Similar results have also been reported for few-layer MoS 2 and WSe 2 , 52,75−78,94 suggesting that the intensities of the shear modes can be used as universal stacking fingerprints for MX 2 . In contrast, the HF Raman modes do not exhibit similar discernible stacking dependence. It follows that the intensity ratios between the LF and HF modes are strongly stacking dependent as well. Since Raman intensities are sensitive to many other factors such as sample quality, laser power, substrate, etc., the use of the relative intensity ratios serves as a more robust method to experimentally determine stacking configurations that does not require an explicit comparison between different stacking patterns of two or more samples. 52 The interlayer bond polarizability model can also be extended to explain and predict stacking-dependent LF Raman signals beyond trilayer MX 2 . 52,75,94 Several works 75, 81, 94 showed that for AA′ stacking, starting from the highest-frequency one, only S 1 , S 3 , S 5 , ... can be observed with an intensity trend I(S 1 ) > I(S 3 ) > I(S 5 ) > ... relative to each other. In fact, this trend also applies to AB and AB′ stacking types, because they share similar interlayer bond vectors according to the model. 81 For an interior layer i, its two interlayer bond vectors obey a relation R̂i x,i−1 = R̂i x,i+1 in the x direction, which determines the value of α ix,xx ′ of each layer and the intensity trend above. Indeed, one can see that for ABstacked graphene (Figure 4 ), AA′-stacked MoS 2 and MoTe 2 (Figures 5 and 6 ), AB′-stacked NbSe 2 (Figure 8a) , and AA′stacked h-BN (Figure 8b ) discussed in previous sections, the highest-frequency S branch S 1 shows the strongest intensity, followed by S 3 , S 5 , ... (if they are not too weak to be observed). On the contrary, for an interior layer i in an ABC stack, its two interlayer bond vectors obey the opposite relation Rî x,i−1 = −Rî x,i+1 in the x direction, giving rise to dramatically different α ix,xx ′ for each layer. 81 Subsequently, for ABC stacking, the trend is opposite, and starting from the lowest-frequency one, only S N−1 , S N−3 , S N−5 , ... can be observed with an intensity trend I(S N−1 ) > I(S N−3 ) > I(S N−5 ) > ... relative to each other. Indeed, for ABC-stacked graphene (Figure 10d ), ABC-stacked MoSe 2 (Figure 11 ) and ABC-stacked Bi 2 Te 3 and Bi 2 Se 3 (Figure 12g) , the lowest-frequency S branch S N−1 dominates the S peaks, followed by S N−3 , S N−5 , ... (if they are not too weak to be observed).
Clearly, the intensities of LF shear modes are sensitive to stacking orders, and the rules derived from the interlayer bond polarizability model can be generalized and are independent of the specific 2DM under investigation, thus providing useful guidelines for the determination of stacking configuration. Focusing on four-layer MX 2 as an illustrative example, we have I(S 1 ) > I(S 3 ) for AA′ (2H) configuration and I(S 3 ) > I(S 1 ) for ABC (3R) stacking. This simple rule enables the rapid and unequivocal determination of the high-symmetry stacking configurations (Figure 11c ). 75, 81 Besides AA′ (2H), AB, and ABC (3R) stackings, stacking faults and mixtures can further complicate the situation, requiring careful analysis from the interlayer bond polarizability model and DFT calculations. 12, 75, 81 For instance, neither AA′AA′ (2H), ABAB (3R′), nor ABCA (3R) stacking in four-layer MoSe 2 can lead to a strong S 2 peak as observed in Figure 11c , and instead it is a stacking fault (ABCB or ABAC, deviated from the perfect 3R or 3R′ stacking) that is responsible for the measured intensities. 75 Furthermore, the mixture of 2H and 3R stackings in 4L MoSe 2 can give rise to different LF Raman features, as illustrated in Figure 11c . 75 Interestingly, the ABCA (3R) and ABAC stacking sequences exhibit similar STEM signals, while their LF Raman signals are very different as illustrated in Figure 11c , indicating that in cases like this, LF Raman spectroscopy is the most suitable method to determine high-symmetry stacking configurations. 75 Finally, we briefly discuss the general rules derived from the interlayer bond polarizability model for LB modes. 81 Unlike the case corresponding to the x direction, the z (out-of-plane) components of the interlayer bond vectors do not change when the in-plane stacking changes. It follows that for an interior layer i we always have Rî z,i−1 = −Rî z,i+1 in the z direction, regardless of the stacking types. As a consequence, for all AA′, AB, AB′, and ABC stacking types, starting from the lowestfrequency one, only LB N−1 , LB N−3 , LB N−5 , ... can be observed with an intensity trend I(LB N−1 ) > I(LB N−3 ) > I(LB N−5 ) > ... relative to each other. This trend has been confirmed by LF Raman measurements for a broad array of 2DMs discussed in this review, including graphene, MoS 2 and MoTe 2 , ReS 2 , NbSe 2 , PtS 2 and PtSe 2 , Bi 2 Te 3 , Bi 2 Se 3 , etc.
Low-Symmetry Stacking. Moving from high-symmetry to low-symmetry stacking, a number of recent works on twisted bilayer MoS 2 and MoSe 2 have shown that twisting can profoundly alter the interlayer coupling, thereby notably affecting the frequencies and intensities of LF modes. 84, 85 DFT modeling was used to identify five high-symmetry stacking patterns in bilayer MoS 2 and MoSe 2 including AB (3R) and AA at 0°and AA′ (2H), AB′, and A′B at 60°.
ACS Nano
Review Simulated Raman spectra highlight notable changes in frequency and intensity for both S and LB modes between the five stacking orders. 84, 85 Near 0°or 60°, where the stacking is a mixture of those high-symmetry stacking patches (forming finite-size Moire-like patterns), minute changes in twisting can greatly modify the size of each stacking patch. The associated change in overall stacking pattern leads to strong frequency and intensity variations of LF modes as a function of twisting angle. However, when the twisting angle is near 30°, the stacking pattern shows highly mismatched lattices with no local highsymmetry domains. It follows that the interlayer coupling is nearly constant, and the frequency and intensity of LF modes are insensitive to the twisting angle. Interestingly, for bilayer MoSe 2 , slight deviations from 60°allow for the co-existence of both high-symmetry stacking patches and mismatched regions, giving rise to two characteristic LB modes in the bilayer system. Further deviation from 60°leads to a transition to completely mismatched stacking patterns, leading to just one LB mode. Moreover, in this case the shear mode disappears because its frequency is close to zero due to the loss of the in-plane restoring force in the mismatched stacking. 80,84−86 Clearly, the non-uniform interface with variable local stacking and interlayer coupling can be probed by LF Raman spectroscopy through a careful analysis of the multiple breathing modes and the disappearance of the shear mode. In contrast, the highfrequency intralayer Raman modes exhibit much weaker dependence on the twisting angle.
In-Plane Anisotropic ReX 2 . Besides the isotropic graphene and group 6 TMDCs discussed above, the stacking-dependent LF Raman response has been recently used to characterize anisotropic group 7 TMDCs such as ReS 2 . 79, 80, 98 The additional valence electron in Re atoms (compared to Mo or W) gives rise to additional Re−Re bonds, forming zigzag-like rhenium chains with in-plane distortion. 6, 160 Unlike MLG and MoS 2 where the shear modes are doubly degenerate, the degeneracy is lifted in ReS 2 owing to the in-plane anisotropy. As a result, the shear modes can be categorized into the ones vibrating parallel and the ones perpendicular to the rhenium chains. 80 For this reason, it is customary to label the two shear modes as S 1 ∥ and S 1 ⊥ in bilayer ReS 2 . As shown in Figure 11d , Qiao et al. identified two stable stacking orders in 2L ReS 2 : In the AI stacking, S 1 ∥ and S 1 ⊥ are separately resolved with a frequency difference of ∼4 cm −1 , while in the IS stacking, they overlap to appear as a single peak S 1 , 79 similar to isotropic bilayer graphene and MoS 2 . 57, 61, 64 Because these features are not necessarily intuitive, DFT modeling played a crucial role for the understanding of such stacking-induced LF Raman behaviors. Due to the in-plane lattice distortion and low crystal symmetry, a large number of stacking configurations could be present for 2L ReS 2 . By theoretically investigating possible configurations, it was possible to establish that the AI and IS stacking patterns are among the most energetically stable. More importantly, the simulated Raman spectra shown in Figure 11e confirm that for the AI stacking, S 1 ∥ and S 1 ⊥ are separated by a frequency difference well above the instrument resolution and therefore appear as two peaks. 79 This result is in stark contrast with the situation found in the IS stacking where the peaks are much closer to each other, so that only a single mixed band could be detected by Raman spectroscopy. We note that for the AI stacking, the DFT simulated Raman spectrum matches quite well with the experimental data, for both the frequencies and relative intensity (Figure 11d and 11e) . 79, 80 Since the energy difference between the two stacking orders is small, it is possible for the stacking to change from one into the other upon the application of an external perturbation or when the number of layers increases. The existence of this stacking polytypism contributes to resolving a number of issues related to the apparent discrepancy reported in the literature where some authors found no splitting of the shear mode or a splitting of ≲1 cm −1 in 2L ReS 2 (likely the IS stacking), 68, 98 while others found a splitting of ∼4 cm −1 (likely the AS stacking). 79 The two stacking orders are also present in multilayer ReS 2 samples, giving rise to different LF Raman features as well (see Figure  7 ). 79 One well-suited method to verify the in-plane anisotropy of ReS 2 79 is the use of polarized Raman scattering. The S modes and LB mode show different polarization directions in AI-2L-ReS 2 , while the S and LB modes show similar polarization intensity dependence in IS-2L-ReS 2 . It appears that the angular dependence of the Raman intensity is not only related to the crystal orientation but also depends on the incoming photon energy. 98 This result is not really surprising since the frequency response of these materials in the presence of an external timedependent field shows a number of sharp frequency-dependent features. Consider for example the efficiency for ReS 2 to absorb visible light: In this case the Raman tensor elements are complex, and their imaginary parts need to be considered. As a result, incident phonon energy dependence must be included when we use the angular resolved Raman spectra to identify the crystal orientation of in-plane anisotropic 2DMs. Before closing this section, we note that similar results have been observed in few-layer black phosphorus, which also shows in-plane anisotropy. 161, 162 INTERFACE IN TWO-DIMENSIONAL HETEROSTRUCTURES AND HOMOSTRUCTURES Two-dimensional vdW heterostructures are of great fundamental interest and technological importance, as they can in principle be assembled to combine the desirable properties of individual layers into a single structure. 5,9,11,31−34 These structures can typically be fabricated either by mechanical transfer 86 or chemical growth. 87 The former technique consists in mechanically stamping one monolayer onto another. In this case, it is often difficult to control the interfacial environment and stacking order. An alternative approach is to chemically grow a monolayer onto another. This gives rise to a clean interface with a well-defined stacking configuration. As a result, the heterostructures fabricated by the two approaches exhibit different LF Raman behaviors. For instance, Lui et al. fabricated MoS 2 /WSe 2 and MoSe 2 /MoS 2 heterobilayers and twisted MoS 2 bilayers by mechanical transfer and investigated them by LF Raman spectroscopy as illustrated in Figure 12a −e. 86 For natural 2H-stacked (i.e., Bernal stacking) 2L MoS 2 , 2L WSe 2 , and 2L MoSe 2 with commensurate crystallographic alignment, both the S and LB peaks appear. In contrast, in both MoS 2 / WSe 2 and MoSe 2 /MoS 2 heterobilayers, the LB manifests as a pronounced Raman band around 32 cm −1 , while the S modes cannot be seen. As the two layers are misaligned and incommensurate in the heterobilayers after the transfer process, the in-plane displacement of the two layers does not produce any overall restoring force, and the S frequency is almost zero and therefore not detected. In contrast, the out-of-plane displacement of the two layers can always create a finite restoring force regardless of the details of the in-plane stacking, leading to the appearance of the LB mode. 83−86 Similar results are found in twisted 2L MoS 2 (Figure 12c) , where the stacking
Review mismatch does not allow for the presence of a detectable shear mode. The observation of the S mode requires the commensurate stacking between the two layers, as recently reported by Zhang et al. in chemically grown MoS 2 /WS 2 heterobilayers. 87 In this case, the epitaxial growth of MoS 2 on WS 2 enables two high-symmetry stacking orders, 87 similar to the well-known 2H and 3R stacking configurations in bilayer TMDCs discussed above. For these two commensurate stacking patterns in chemically grown MoS 2 /WS 2 heterobilayers, the S Raman peak appears around 18 cm −1 , but disappears for the mechanically transferred heterobilayers. 87 Clearly, the presence and absence of an S mode can serve as reliable evidence of the quality of the stacking configuration in fabricated heterobilayers. In addition, the LB mode, present regardless of the details of the stacking, can be used to probe the interfacial stacking and interlayer coupling of the heterostructures. This method is very sensitive since the restoring force between two layers is a rapidly decreasing function of the layer separation. For instance, from 2H to 3R stacking in MoS 2 /WS 2 heterobilayers, the LB frequency decreases by 2 cm −1 , due to the slightly increased interlayer distance and weakened interlayer coupling. 87 From as-grown commensurate stacking orders to as-transferred mismatch stacking orders in MoS 2 /WS 2 heterobilayers, the LB frequency decreases by 2−4 cm −1 , suggesting weaker interlayer coupling and reduced packing efficiency. 87 Similar phenomena have been reported in TMDCs homobilayers. 52, 84, 85 Besides the frequency shift, the Raman intensity of the LB modes can also be helpful to examine the quality of the interface. For instance, a nonuniform interface can be formed in an unannealed MoS 2 /WSe 2 heterobilayer sample after mechanical transfer, where local regions with shorter interlayer separations have stronger interlayer coupling, and thus a stronger LB intensity. Using Raman mapping, the spatial distribution of the LB mode intensity shows a higher sensitivity to the quality of the interface compared to a photoluminescence mapping. For example, the LB mode can only be detected in the heterostructure regions with direct interlayer contact and an atomically clean interface. 86 LF Raman spectroscopy can also be applied to study the interfacial coupling and lattice dynamics of vdW heterostructures formed by two different types of 2DMs, such as semimetals and semiconductors. For example, a series of additional LB modes with frequencies dependent on the number of layers have been observed by transferring MoS 2 flakes onto graphene flakes with appropriate annealing process to form graphene/MoS 2 heterostructures. 163 The interfacial breathing force constant between MoS 2 and graphene is comparable with that of multilayer MoS 2 and graphene. Therefore, LF Raman spectroscopy can be utilized to characterize the interfacial quality of graphene-based devices, where graphene flake is used as an electrode and also introduces a barrier, and to measure the interfacial interactions in various heterostructures for further engineering the heterostructures-based electronic and photonic devices.
Twisted Multilayer Graphene. Twisted MLG is another form of vdW heterostructure that shows interesting LF Raman response governed by the details of the interface. In twisted (m + n)-layer graphene (t(m + n)LG), such as artificially assembled or CVD grown m-layer graphene (mLG) on top of n-layer graphene (nLG), the mLG and nLG are twisted by an angle θ relative to each other. 43,82,83,164−166 Strictly speaking, the t(m + n)
LG is a type of heterostructure since the assembly proceeds between two distinct subsystems. Here, we focus our attention on the LF Raman resonance spectra of t(m + n)LG. The optical and electronic properties of t(m + n)LG can be tuned by changing θ and can result in the emergence of a number of properties in addition to those found in high-symmetry ABAand ABC-stacked graphene (Figure 12f ). 41, 167, 168 In contrast to the weak S and LB modes in high-symmetry stacked graphene, the intensities of the S and LB modes in t(m + n)LG are greatly enhanced under specific excitation energies due to resonance with an additional optically allowed electronic transition. 43, 82, 83, 164, 169 In particular, these transition energies are determined by the twisting angle θ. 43, 83, 141, 164 Furthermore, the S and LB modes also show different behaviors in t(m + n)LG. The S modes always arise from mL and nL AB-stacked graphene (i.e., the individual subsystems with high-symmetry stacking). The twisted interface with misaligned lattices does not produce any observable S mode, as its frequency is close to zero. Thus, there are n + m − 2 S modes in t(m + n)LG, 83,164−166 and their frequencies are slightly affected by the twisted interface due to the weak interface coupling. For example, in t(1 + 2)LG, one can only observe the S 2,1 mode around 30 cm −1 , which is close to the frequency 32 cm −1 of ABstacked 2L graphene. Similarly, with t(2 + 3)LG, the S 2,1 , S 3,1 , and S 3,2 modes are also observed as shown in Figure 12f . While the LB modes in t(m + n)LG are consistent with those of the N (N = m + n) AB-stacked graphene. These modes are determined by the total number of layers N but are independent of the twisting angle θ, because the frequencies of the out-of-plane LB modes are generally insensitive to the inplane stacking variation with the twisting angle. 83,164−166 For example, in t(1 + 1 + 1)LG and t(1 + 2)LG, one LB mode at 109 and 110 cm −1 is observed, respectively. The frequencies of LB modes in t(m + n)LG can be well reproduced by the LCM using a next-nearest-neighbor approximation. 83, 164, 166 These different behaviors of S and LB modes in t(m + n)LG are due to the in-plane periodicity mismatch at the twisted interface. 83 In addition, CVD-grown MLG (CVD-MLG) flakes usually consist of multiple single crystal domains, whose stacking orders can be quite diverse due to the various choices of layer number, stacking sequence, and twist angle. 165 LB modes are almost independent of the details of stacking but are ideal to determine the number of layers in CVD-MLG flakes. Conversely, since S modes are sensitive to the stacking details, the stacking sequence of a CVD-MLG flake can be determined by the S modes. 165 Interaction with a Substrate. Besides the LF Raman modes arising from within 2DMs, additional interlayer vibrations could, in principle, also emerge from the interaction between 2DMs and substrate. For example, Zhao et al. observed an intense ultralow (<12 cm −1 ) frequency peak in 2−4 quintuple-layer (QL) Bi 2 Te 3 deposited on a substrate, which was tentatively attributed to a substrate-induced interface mode (labeled as IF in Figure 12g ). 69 Although its origin is not entirely clear, it might involve the out-of-phase displacements between Bi 2 Te 3 and the substrate, according to a version of the LCM theory including a substrate. The measured frequency is below the S and LB bands that are intrinsic to Bi 2 Te 3 . This mode is sensitive to the choice of the substrate and could be used to probe the interface between 2DMs and substrates. Note that a number of studies have unsuccessfully attempted to demonstrate the presence of this interface-induced signature in LF Raman spectra in TMDCs. 96 The absence of such a signature can be due to a number of effects, including a non-uniform interface, weak coupling, and intensity below instrumental detection limit.
SUMMARY AND OUTLOOK
Experimental Perspective. This review provides ample evidence that LF Raman spectra not only can be used as a highly sensitive indicator for determining the number of layers in few-layer 2DMs but also can be employed to describe stacking orders and interlayer coupling. With the increasing number of few-layer 2DMs and the even larger number of possible heterostructures involving combinations of them, ultralow frequency Raman spectroscopy will play a central role in their characterization. Such characterization is crucial as exemplified by the emerging properties in these structures. For instance, the monolayer and few-layer ferromagnetic CrI 3 and Cr 2 Ge 2 Te 6 show a significantly different behavior compared to their bulk counterparts. 170, 171 As another example, heterostructures based on ferromagnetic materials such as WSe 2 /CrI 3 strongly affect the valley polarization of WSe 2 . 172 In order to understand how the interlayer coupling impacts the physical properties of ferromagnetic materials and related heterostructures, further experimental and theoretical studies are needed in which LF Raman spectroscopy is expected to be an important tool to detect emerging two-dimensional materials and related heterostructures. In addition, LF Raman spectroscopy can be used to explore how layer−layer vibrations couple with intralayer exciton transitions by exploiting resonant Raman scattering. For example, in few-layer WS 2 , besides the S and LB modes, when the excitation energies are close to the B(A) exciton transitions, two additional Raman modes (TA, LA) that are independent of the number of layers and excitation energies are also observed. 130 Those modes may originate from the acoustic phonons near the Γ point. 130 When the excitation energies are slightly lower than the A exciton transitions, the lowest-frequency S modes show a Fano line shape, which is due to quantum interference between a discrete S phonon and a continuum of dark A excitonic states. Moreover, many Raman forbidden phonon modes can also be observed due to dark exciton resonance Raman scattering, in which the dipoletransition parity selection rules are met when the forbidden phonon is resonantly scattered by dark excitons. 130 Therefore, LF Raman spectroscopy provides a great opportunity to simultaneously probe the dark excitons, Fano resonance, forbidden phonons, and electron−phonon many-body effects in multilayer 2DMs.
As discussed in this review, the VBG-based notch filter makes it possible to measure LF Raman modes down to 2 cm −1 at certain laser wavelengths 103 (such as 488 nm), thus providing an opportunity to study Brillouin scattering from acoustic phonon of 2DMs and other quasi-particles such as magnons in layered antiferromagnetic materials and related heterostructures. Although VBG-based LF Raman spectrometer has many advantages, there are still a few problems to be solved. First, it is costly to achieve multiwavelength Raman measurements with VBG-based single monochromator spectrometers, because each set of VBG filters only works for one excitation wavelength. Second, the optical density and narrow bandwidth of an individual VBG-based notch filter need to be improved to speed up its operational rate for LF Raman measurements. Third, limited by dielectric materials, the VBG-based LF Raman measurements using excitation wavelengths below 350 nm are still not available thus far. Therefore, the triple monochromator Raman system with a subtractive mode configuration remains a good choice for LF Raman measurements using excitation wavelengths in the ultraviolet range. In addition, owing to its high throughput and the ease of its operation, edge filter is widely used in single monochromator Raman systems. The technical improvement of the edge filter makes the LF Raman signal down to 10 cm −1 detectable but commercial high-quality ultrasteep edge filter below 10 cm −1 would be desirable for routine test of LF Raman signals.
Theoretical Perspective. The simple LCM provides a fairly accurate picture of the thickness dependence of the LF modes frequencies and is also a powerful tool to study the interlayer coupling strength. 57 As each layer can be treated as a single object in the interlayer vibrations, the LCM is in principle valid for any two-dimensional layered materials. Additionally, the LCM can be extended to include the second or third nearest-neighbor interactions to yield quantitative agreement with experiment. 83 Meanwhile, first-principles DFT simulations also offer invaluable information about LF Raman modes and interlayer coupling in 2DMs. However, DFT still faces a great challenge when it comes to the degree of accuracy it can achieve. The frequencies of LF modes are almost solely determined by the interlayer restoring forces, and thus accurate capture of the interlayer interactions is essential. For graphene and MoS 2 , the interlayer coupling is mainly of vdW type, but for many recently explored 2DMs like black phosphorus and PtS 2 , a strong degree of electronic hybridization and covalent bonding between layers is present, giving rise to complex interlayer coupling. 137, 138 The vdW functionals currently available do not seem sufficient to describe the complexity of interlayer interactions, and different 2DMs often rely on different vdW functionals used in DFT to yield best calculated frequencies. In many cases, the best agreement with experiment is often achieved using the local density functional (LDA) approximation. 52, 57, 64 This is due to the fortuitous cancellation between LDA's lack of description of the vdW interaction (which is purely nonlocal) and its overestimating tendency of the covalent bonding between layers. Therefore, further improvement on functionals is needed for DFT to accurately describe the complex interlayer coupling and the frequencies of LF modes. Another important issue to be addressed is the anharmonic scattering of LF modes. The LCM and most of DFT phonon calculations are based on the harmonic approximation, but LF Raman measurements sometimes find strong anharmonic broadening and shifts for LF modes. For example, the LB modes in many TMDCs (particularly for the bilayers) are much more broadened and weakened compared to the S modes (see Figure 5 ), owing to larger phonon−phonon scattering. 52,61,63,64 It follows that anharmonic effects, including 3-phonon, 4-phonon, etc. and thermal-expansion contributions, need to be considered for accurate phonon calculations. 173, 174 As for the Raman intensities of LF modes, the interlayer bond polarizability model, that simplifies each layer as a single object and only considers interlayer bond vectors and bond polarizabilities, serves as a simple yet powerful approach to explain and predict stacking-dependent LF Raman signals. 81, 94 In this review, we have shown its validity for a broad array of 2DMs in diverse stacking configurations and highlighted general rules regarding how LF Raman intensities depend on stacking patterns. However, further developments of the model are required to extend its applicability to nontrivial stacking orders in low-symmetry anisotropic 2DMs such as ReS 2 and black phosphorus. On the other hand, DFT calculations provide a direct approach to study the relations between LF
ACS Nano
Review Raman intensities and stacking configurations, which proves particularly useful for low-symmetry stacking configurations in twisted samples and low-symmetry materials such as ReS 2 . 80, 84, 85 In spite of the reported success of DFT-based modeling, the theoretical and experimental Raman intensities of LF modes are often in qualitative or, at best, semiquantitative agreement. A key reason is that very often nonresonant Raman intensities (i.e, corresponding to zero photon energy) are calculated, but intensities are in fact strongly dependent on the laser photon energy. 175 A few recent works on HF modes indicate that a better agreement can be achieved if intensities are computed at the laser energy. 176−178 It is expected that resonant Raman simulations of LF modes will also improve the agreement with experiment, and thus more efforts should be devoted to this research direction.
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VOCABULARY:
two-dimensional materials, materials characterized by feature size significantly smaller than a few nanometers in one spatial dimension; (ultra) low-frequency Raman spectroscopy, Raman scattering with hardware upgrades designed to probe vibrational modes with frequencies typically below 100 cm −1 ; shear mode, a low-frequency layer−layer vibration characteristic of layered materials where the atomic motions consist of quasi-rigid lateral motions of the individual layers; layerbreathing mode, a low-frequency layer−layer vibration characteristic of layered materials where the atomic motions consist of quasi-rigid motions of the individual layers along the normal of each layer; linear chain model, a one-dimensional ball-and-spring model that treats an entire layer in twodimensional materials as a single ball and the interlayer coupling as a harmonic spring; interlayer bond polarizability model, an approximation that includes the changes in polarizability from interlayer bonds and neglects contributions from in-plane chemical bonds to simplify the computation of Raman intensities of interlayer vibrational modes.
